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Abstract: Problem statement: A 500 m3 semi-commercial closed anaerobic digester was constructed 
for Palm Oil Mill Effluent (POME) treatment and methane gas capture for renewable energy. During 
the start-up operation period, the Volatile Fatty Acids (VFA) accumulation could not be controlled and 
caused instability on the system. Approach: A settling tank was installed and sludge was recycled as 
to provide a balanced microorganisms population for the treatment of POME and methane gas 
production. The effect of sludge recycling rate was studied by applying Organic Loading Rates (OLR) 
(between 1.0 and 10.0 kgCOD m−3 day−1) at different sludge recycling rates (6, 12 and 18 m3 day−1). 
Results: At sludge recycling rate of 18 m3 day−1, the maximum OLR was 10.0 kgCOD m−3 day−1 with 
biogas and methane productivity of 1.5 and 0.9 m3 m−3 day−1, respectively. By increasing the sludge 
recycling rate the VFA concentration was controlled below its inhibitory limit (1000 mg L−1) and the 
COD removal efficiency recorded was above 95% which indicated good treatment performance for the 
digester. Two methanogens species (Methanosarcina sp. and Methanosaeta concilii) had been 
identified from sludge samples obtained from the digester and recycled stream. Conclusion: By 
increasing the sludge recycling rate upon higher application of OLR, the treatment process was kept 
stable with high COD removal efficiency. The biogas and methane productivity were initially 
improved  but  reduced  once  OLR  and  recycling rate were increased to 10.0 kg COD m3 day−1 and 
18 m3 day−1 respectively.  
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INTRODUCTION 
 
 Globally there is a great concern for reducing the 
emission of Green Houses Gases (GHG) through Clean 
Development Mechanism (CDM) projects for 
renewable energy. In Malaysia one of the attractive 
projects for CDM and renewable energy is the methane 
gas capture from anaerobic treatment of Palm Oil Mill 
Effluent (POME) because it contains high amount of 
organic substances which are mainly lignocellulosic 
materials. In the world, POME contributes the largest 
effluent discharge compared to other oil extraction 
process[1]. Unfortunately in Malaysia, the most popular 
treatment method for POME which is utilized by more 
than 85% of the mills is the open ponds system[2]. This 
is due to its low capital and operating costs. However 
with the implementation of CDM project under the 
Kyoto Protocol, open ponds treatment system is 
becoming less attractive because the valuable gas 
(methane) is wasted to the atmosphere and the system 
could not be certified for Carbon Emission Reduction 
(CER) trading.  
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 In an anaerobic digestion process, the organic 
materials are converted into biogas which mainly 
composed of methane and carbon dioxide by the action 
of a consortium of microorganisms through series of 
metabolic stages namely hydrolysis, acidogenesis, 
acetogenesis and methanogenesis[3-5]. By closing the 
digester in oppose to the conventional system, the 
methane gas could be captured and used for electricity 
generation. In addition, high Chemical Oxygen Demand 
(COD) removal efficiency could be achieved in shorter 
retention time. So far there were many reports on the 
anaerobic treatment of POME and methane generation, 
however none has been tested at a large pilot scale 
specifically for CDM study[6-10]. Therefore in 2005, a 
500 m3 semi-commercial anaerobic digester was 
constructed and the digester has been in operation since 
then[1]. The objective of this study is to investigate the 
digester performances on COD removal efficiency and 
methane gas productivity at different OLR and sludge 
recycling rates applied. 
 
MATERIALS AND METHODS 
 
 Figure 1 shows the diagram of the digester system 
used previously by Yacob et al.[1]  except for the sludge 
settling tank which was installed for this study. The 
POME used was obtained daily from the mixing pond 
of the Serting Hilir Palm Oil Mill by using a pump. The 
POME was stored temporarily in the holding tank prior 
to feeding. The sludge from the treated effluent was 
collected in the settling tank and let to settle. The 
settled sludge was then returned to the digester at 
different recycling rates (6, 12 and 18 m3 day−1). 
Minimal  mixing  was  applied intermittently for every 
6 h (for 30 min) by using the mixing pump as to 
provide good contact between substrate and 
microorganisms. The COD, pH, Volatile Fatty Acids 
(VFA), alkalinity, biogas mass flow and POME mass 
flow were measured by using the standard methods for 
the examination of water and wastewater (American 
Public Health Association)[11]. The methane 
concentration was measured using a portable methane 
gas analyzer (XP-314A, Shin-Cosmos Electric Co. Ltd. 
Japan). 
 The analyzer was calibrated at the manufacturer’s 
site in Japan. The probe MSMX860, complementary to 
the 16S rRNA of some methanogens including 
Methanosarcina spp., Methanococcoides spp., 
Methanolobus spp., Methanohalophilus spp. and 
Methanosaeta spp. was used to directly analyze the 
methanogenic population[12]. To determine the sludge 
bacteria, the 16S rRNA probe EUB338 for the bacteria 
domain was used[13]. Oligonucleotides and their 
fluorescent derivatives (5 -labelled with either FITC or 
rhodamine) were purchased from First Base (Malaysia) 
Sdn. Bhd. Cells were fixed and hybridized using the 
protocol reported by Amman[14] with some 
modifications[15]. Fluorescence was observed using an 
epifluorescence microscope (BX50; Olympus, Tokyo, 
Japan) and photomicrographs were taken using a 
chilled 3-CCD color camera (640×483 pixels, C5810; 
Hamamatsu Photonics, Shizuoka, Japan). 
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Fig. 1: Schematic diagram of the 500 m3  semi-commercial closed anaerobic digester; (1): Fresh POME inlet; (2): 
Feeding pump; (3): Sampling ports; (4): Gas collection chamber; (5): Biogas safety relief system; (6): 
Settling tank; (7): Sludge recycling pump; (8): pH probe; (9): Temperature probe; (10): Mixing pump; (11): 
POME mass flow meter; (12): Biogas mass flow meter 
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RESULTS 
 
 Table 1 shows the sludge recycling rate applied, 
COD levels in the raw POME, raw POME feeding 
rate, Hydraulic Retention Time (HRT), Organic 
Loading Rate (OLR), digester’s pH and COD removal 
efficiency recorded in this study. A total of 111 days 
of operation was sustained in this study at different 
COD concentration (66,400-118,100 mg L−1), OLR 
(1.0-10.0 kgCOD m−3 day−1) and sludge recycling rate 
(6.0-18.0 m3 day−1). The variation of OLR applied 
resulted in different POME feeding rate and HRT 
applied as well. The last two columns show the 
digester’s stability in terms of pH and COD removal 
efficiency achieved. The COD removal efficiency 
recorded the same performance for different OLR and 
sludge recycling rate applied which indicated lower 
recycling rate was sufficient for lower OLR application 
and higher recycling rate was required once OLR was 
increased in the system.  
 Figure 2 shows the VFA concentration in the 
digester, methane yield achieved and productivity of 
biogas and methane at different OLR and sludge 
recycling rate applied. The VFA level was initially low 
in the digester but increased once OLR was increased. 
By increasing the sludge recycling rate the VFA level 
was controlled below 1000 mg L−1 and OLR was able 
to be applied up to 10.0 kgCOD m−3 day−1. Productivity 
of biogas and methane also increase with OLR but 
reduced towards the end of study. Initially the methane 
yield was high but slowly reduced once higher OLR 
and sludge recycling rate was applied. 
 The results of methanogens population analysis in 
the digester and the recycled sludge by using 
Fluorescent In Situ  Hybridization  (FISH)  technique 
is shown in Fig. 3A and B respectively. These 
diagrams confirm the presence of filamentous 
Methanosaeta concilii and the clover-leaved 
Methanosarcina    sp.     in      both      sludge      samples.
 
Table 1: Feeding profiles, stability and COD removal performance of the digester 
   Feeding profiles    Digester stability and performance 
 Sludge ---------------------------------------------------------------------------------------------- ----------------------------------------- 
Operation recycling  COD of raw Feeding rate Hydraulic retention Organic loading  COD removal 
period days rate m3 day−1 POME mg L−1 m3 day−1 time days rate kgCOD m−3 day−1 pH efficiency (%) 
1-9 6.0 66,400 7.7 64.9 1.0 6.8 97.3 
10-28 6.0 75,900 15.5 32.2 2.0 6.8 97.6 
29-38 6.0 80,700 21.8 22.9 3.0 6.9 96.6 
39-58 12.0 86,300 27.4 18.2 4.0 6.9 96.7 
59-78 12.0 98,900 33.5 14.9 5.0 7.0 98.1 
79-84 12.0 103,000 38.3 13.0 6.0 7.1 97.7 
85-95 18.0 111,600 37.8 13.2 7.0 7.0 97.7 
96-105 18.0 118,100 39.3 12.7 8.0 7.0 97.6 
106-111 18.0 111,100 46.6 10.7 10.0 7.0 97.5 
 
 
 
Fig. 2: Productivities of biogas and methane, methane yield and VFA concentration profiles 
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Fig. 3: Fluorescent In Situ Hybridization (FISH) picture 
for the samples taken from the digester (A): 
1000X magnification and recycled sludge (B): 
200X magnification showing the distribution of 
methanogens (Methanosaeta concilii and 
Methanosarcina sp.)  
 
In the recycled sludge sample, the population of 
Methanosarcina sp. was lower but there is a considerable 
amount of Methanosaeta concilii observed.  
 
DISCUSSION 
 
COD removal efficiency and OLR applied: In many 
studies the COD removal efficiency recorded was high 
although high fluctuation of COD concentration were 
applied[6-10]. Similarly in this study, the COD 
concentrations  fluctuated   between 66,000 and 
118,000 mg L−1 as shown in Table 1. The anaerobic 
treatment system was stable which was due the suitable 
anaerobic treatment system design for POME. The 
actual organic level in POME varies daily and the 
ability of the system to run continuously is important as 
to ensure minimal down-time and increase biogas 
productivity once the project has been approved for 
CDM. From Table 1, the COD removal efficiency 
maintained removal efficiency of greater than 95% 
despite higher OLR applied to the system. This signify 
the importance of applying higher sludge recycling 
rate in order to maintain high COD removal once OLR 
was increased. During 111 days of continuous 
operation, the OLR was increased in step-wise (from 
1.0-10.0 kgCOD m−3 day−1). This resulted in higher 
POME feeding rate and shorter Hydraulic Retention 
Time  (HRT). In the previous study at OLR of 
between 5.0 and 6.0 kgCOD m−3 day−1 the digester 
became unstable due to VFA accumulation inside the 
digester and the treatment could not be sustained[1]. 
However in this study higher OLR was achieved (up 
to 10.0 kgCODm−3 day−1) and the system remained 
stable (neutral pH with COD removal efficiency greater 
than 95%) by increasing the sludge recycling rate from 
the settling tank at different rates. From days 1-40 the 
sludge recycling rate was fixed at 6 m3 day−1 and 
increased to 12 m3day−1 (from days 39-78) and finally to 
18 m3 day−1 (from days 91-110) as shown in Table 1. 
During these different periods, the OLR were also 
increased steadily from 1.0-10.0 kgCOD m−3 day−1 with 
an increment of 1.0 kgCOD m−3 day−1 except for the last 
increment. 
 
Volatile Fatty Acids (VFA) accumulation: Figure 2 
shows the VFA concentration in the digester, 
productivity of biogas and methane and methane yield 
achieved in this study. From this study at lower OLR 
applied (from 1.0- 4.0 kgCOD m−3 day−1), the measured 
VFA concentration inside the digester was low which 
indicates good VFA utilization by the methanogens. 
However after 40 days of operation, the VFA 
concentration was recorded higher (nearly 900 mg L−1). 
In order to avoid the process to turn acidic and inhibit 
the methanogenesis process, higher sludge recycling 
rate was applied at 12 m3 day−1 by increasing the 
pump’s timer. The VFA concentration in the 
digester reduced steadily with time as shown in Fig. 2. 
In earlier study the sludge recycling strategy was 
suggested in order to supplement alkalinity and 
maintain the system’s pH[10]. By recycling the sludge, 
the active microorganisms could be returned to the 
digester and provide a balanced population of 
microorganisms that responsible for converting 
organics materials to VFA and methane gas. The 
system was stable until OLR of 6.0 kgCOD m−3 day−1 
where the VFA concentration in the digester showed an 
increasing trend. In order to avoid the process to turn 
acidic,  the  sludge  recycling  rate  was  increased  to 
18 m3 day−1. As a result, the VFA concentration was 
maintained below 1000 mg L−1. 
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Productivity of biogas and methane and methane 
yield: The productivity of biogas and methane and 
methane yield are shown in Fig. 2. The productivity 
shows the biogas volume at standard temperature and 
pressure measured in a day over the volume of reactor. 
In this study, the gas productivity increased with OLR 
applied where the maximum biogas and methane 
productivity were recorded at 1.5 and 0.9 m3 m−3 day−1, 
respectively at OLR of 8.0 kgCOD m−3 day−1. However, 
after 100 days of operation when OLR and sludge 
recycling rate were increased to 10.0 kgCOD m−3 day−1 
and 18 m3 day−1 respectively, biogas and methane 
productivity reduced to 1.3 and 0.4 m3 m−3 day−1, 
respectively. This reflects the occurrence of anaerobic 
inhibition in the system. Theoretically, higher biogas 
productivity should be achieved with higher OLR 
applied but this was not observed towards the end of the 
study which may be due to the organic washout. 
Towards the end, the sludge recycling rate was 
increased to 18 m3 day−1 and some of the organics were 
washed out from the digester and could not be 
converted into biogas even though higher amount of 
microorganisms available. In addition, higher feeding 
volume was also introduced to the digester which may 
have resulted in shock loading to the microorganism as 
well and might have contributed to the reduced biogas 
generation[1]. For the methane yield the trend was 
different where it was highest at lowest OLR applied 
and slowly reduced once it was increased as shown in 
Fig. 2. At lower OLR the methane yield was around 
0.15  kgCH4   kgCODremoved−1   but    reduced    to 
0.10  kgCH4   kgCODremoved−1    and   finally    to 
0.06 kgCH4 kgCODremoved−1 when OLR was 
increased to 5.0 and 10.0 kgCOD m−3 day−1, 
respectively. Although the sludge recycling rate were 
increased to 12.0 and 18.0 m3 day−1 it was not sufficient 
to increase the methane yield performance. 
 
Fluorescent In Situ Hybridization (FISH): The 
analysis of methanogens  population in the digester and 
the recycled sludge by using the Fluorescent In Situ 
Hybridization (FISH) technique confirmed the presence 
of filamentous Methanosaeta concilii and the clover-
leaved Methanosarcina sp. in both recycled and 
digester sludge samples  as shown in Fig. 3. The 
population of Methanosarcina sp. was lower in the 
recycled sludge sample (Fig. 3B) as compared to the 
digester sludge sample (Fig. 3A). However there is a 
considerable amount of Methanosaeta concilii in the 
recycled sludge which highlights the importance of 
recycling the sludge to the digester to maintain high 
population of both important mesophilic acetolastic 
methanogens which responsible for methanogenesis 
process[16]. 
 
Methane emission reduction: Based on this study the 
methane emission reduction could be estimated by 
using the volumetric ratio of methane produced and 
POME utilized. From this study the calculated ratio is 
approximately 12.0. In 2007, the total volume of POME 
generated for a 54 tones h−1 Serting Hilir Palm Oil Mill 
was 192,372 m3. This accounted for methane emission 
reduction of 2,308,464 m3 of methane. Considering that 
there are hundreds of palm oil mills in Malaysia and 
CER could be traded at the rate of USD10/ton of CO2 
equivalent, there is a huge potential for CDM business 
in Malaysia.    
 
CONCLUSION 
 
 This study demonstrated the feasibility of methane 
gas capturing project for CDM from anaerobic 
treatment of POME. The maximum OLR achieved was 
10.0 kgCOD m−3 day−1 and gas productivity were 1.5 
and 0.9 m3 m−3 day−1, respectively for biogas and 
methane. By increasing the sludge recycling rate upon 
higher application of POME loading rate, the treatment 
process was stable with VFA concentration recorded 
below its inhibitory limit (1000 mg L−1) and the COD 
removal efficiency recorded was higher than 95%. This 
indicated good treatment performance of the digester. 
However, the methane productivity was recorded lower 
at high OLR which was due to organic washout and 
methanogens shock loading. The total methane 
emission reduction for a 54 tons h−1 palm oil mill was 
more than 2 millions m3. 
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